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Abstract In the present study, nanocomposites containing
Ag–Au alloy nanoparticle ensembles with various composi-
tions on polytetrafluoroethylene were prepared by physical
vapor deposition. After a certain time of immersion of the
samples in water, oxidation and dissolution of the Ag nano-
particles (AgNPs) occurred, and changes in the morphology,
optical properties and composition of the nanocomposites
were examined using transmission electron microscopy,
ultraviolet-visible spectroscopy and X-ray photoelectron spec-
troscopy (XPS), respectively. The composition-dependence
and the time-dependence of the silver ion release were studied,
and the concentration of the silver ions in water was detected
using inductively coupled plasma mass spectrometry. The
results indicate that with increasing gold fraction in the Au–
Ag alloy nanoparticles, a strong improvement of the oxidation
resistance of the AgNPs occurs. The dissolution of Ag is rapid
at the first contact of the sample with water until a saturation
state is reached. XPS synchrotron measurements with differ-
ent excitation energies show that the depletion of Ag from the
nanoparticles does not lead to the formation of a Au-rich shell
and that the atomic mobility is high enough in the small
nanoparticles of about 5 nm average size to equilibrate any
concentration gradient.
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Introduction
Bimetallic structures such as alloyed silver and gold nano-
particles have attractive catalytic, electronic, and optical
properties that can vary with respect to size and composition
of the different metals within the nanostructure [1–3]. For-
mation of Ag–Au alloy structures takes place by mixing
them on atomic level without distinct phase boundaries
[4]. Due to their plasmonic properties, structural changes
upon particle medium interactions in Ag and Au nano-
particles can be easily screened. Since their surface
plasmon resonance peaks (SPR) are highly sensitive to
the particle’s size, shape, and surrounding, they can
give a lot of information about the status of the nano-
particles [5] and tunable physical properties that can be
obtained by changing composition ratio of the alloy
nanoparticles [6].
Moreover, the usage of noble metals with silver has
shown different silver dissolution behavior. An early study
done by Forty examined the oxidation reaction of a bulk
silver/gold alloy system in aqueous environment under the
phenomena of selective dissolution. Silver is less noble than
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gold and releases easily from the gold alloy system, by
leaving a high content of gold residue behind and creating
surface vacancies and disordered areas near the surface.
When all the surface of alloy is dominated by gold atoms,
alloy becomes passivated, and volume and surface diffu-
sions start to play an important role [7].
Recently, several bimetallic/polymer nanocomposites
were developed showing promising properties in the
silver ion release studies as it has been demonstrated that
galvanic coupling of silver with platinum [8–10] or gold
[11] strongly increases the silver ion release and its
antimicrobial activity.
Barcikowski et al. have examined copper/silver and gold/
silver nanocomposites containing nanoparticles dispersed in
a polymer matrix without direct contact generated by laser
ablation in liquids. In the Cu/Ag system, they found that
electrochemical oxidation reaction between the two differ-
ent metals enhanced the ion release of the less noble Cu by
the ion-mediated electrochemical reaction, and silver ion
release was retarded because, when two noble metals with
different standard electrochemical potential are in contact
with each other in an electrolyte, one of the metals oxidizes
or corrodes. This corrosion process is called galvanic cor-
rosion (galvanic coupling), and it enhances the dissolution
of the less noble metal atom in alloys, thin films, or sput-
tered targets. The more noble metal acts as a cathode, and
the less noble metal acts as an anode in the electrolyte, thus
it provides ion transfer between anode and cathode. Where-
as in the case of Au–Ag nanocomposite films, no effect on
silver ion release was observed due to the absence of mobile
gold ions [12, 13].
On the other hand, Besner et al. have observed a strong
increase in the oxidation resistance with the increase in the
Au fraction inside the Ag–Au alloy NPs which could prob-
ably result from significant modifications of the electro-
chemical properties of the NPs. Ag and Au significantly
differ in their electronic properties. In this respect, colloidal
AgNPs are known to act as an electron storage (donor)
medium. Hence, they would easily dissociate through an
anodic reaction to release an electron and an Ag ion. In
contrast, Au is known to possess some electron acceptor
properties. The addition of Au atoms inside the AgNPs
would then contribute to the formation of internal electron
traps, inhibiting the dissolution of the AgNPs and the
release of Ag ions. Hence, the formation of nanoalloys
which exhibit more stability in comparison to Ag and
higher plasmonic response in comparison to Au could
also be beneficial for surface-enhanced Raman scattering
applications [14].
We have investigated the silver ion release properties of
well-defined model systems consisting of two-dimensional
Ag nanoparticle ensembles on top of a polytetrafluoroethy-
lene (PTFE) films which are either directly accessible or
covered by polymer layers of well-defined thickness and
composition. We observed a correlation between changes in
surface plasmon resonance and kinetics of Ag ion release
and that the strong dependence of the silver ion release on
the particle size leads to a significant redistribution of the
composite morphology and suppression of the Ag ion re-
lease rate with time. It was also shown that a polymer barrier
stabilizes the morphology of the composites and can be
applied to control the Ag ion release rate [15]. Besides, in
situ electrochemical impedance spectroscopy–ultraviolet-
visible spectroscopy (UV-vis) and AFM studies have been
also preformed on the same nanocomposite system by our
collaborative group indicating the stability of the AgNPs
after covering by a PTFE barrier and the slowing of the
silver ion release rate [16].
In this work, we report our investigations of silver ion
release kinetics from silver–gold alloy nanoparticle ensem-
bles on an insulating hydrophobic polymer substrate and
compare these model systems to composites with only pure
AgNPs. We examined the changes that occurred after im-
mersing the samples in water for certain time. Two-
dimensional ensembles of 5.5 nm nominal thickness con-
sisting of Ag–Au alloy NPs of 5 nm average size were
prepared on a highly cross-linked sputtered PTFE substrate
using physical vapor deposition (PVD) techniques. The
fractions of Ag and Au were varied, and the optical proper-
ties, composition, and morphology of the nanocomposites
were examined using UV-vis, X-ray photoelectron spectros-
copy (XPS), and transmission electron microscopy (TEM),
respectively. The influence of varying the fraction of the two
metals in the alloy NPs on the nanocomposite properties and
on the silver ion release rate was also investigated. The time-
dependent silver ion release was measured by inductively
coupled plasma mass spectrometry (ICP-MS). The results
show that gold alloying strongly improves the oxidation
resistance of the AgNPs. The dissolution of Ag quickly
slows down after first exposure to water and reaches a
saturation state. No concentration gradient is established
upon Ag depletion due to the high atomic mobility in the
small NPs.
Experimental
Preparation of the model system
The 20-nm thin films of PTFE were deposited on quartz
(1×1 cm2), silicone (0.5×0.5 cm2), and carbon-coated cop-
per TEM grids by sputtering from a 50 mm diameter poly-
mer target by RF magnetron source to prevent charging of
the target. Preparation of nanocomposites based on sputter-
ing of polymers was reported by the group of Biederman
before [17]. The sputtering process of PTFE results in the
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deposition of a highly crosslinked flouropolymer film where
surface structure and contact angle determination were shown
in our group’s previous work of Schürmann et al. [18] and
Hassel et al. [19]. The detailed procedure of polymer vapor
deposition is described in our previous work [20]. The exper-
iment was done in a homemade stainless steel vacuum cham-
ber, which was initially evacuated to a pressure below
10−6mbar. A RF power of 20Wand a deposition rate of about
4 nm/min were used resulting in the deposition of a highly
crosslinked flouropolymer film. Later on, samples were
mounted in a homemade thermal evaporation chamber and
beads of silver (99.99 %, Sigma Aldrich) and gold (99.99 %,
Goodfellow) were loaded into two separated alumina cruci-
bles, and the chamber was evacuated to a pressure below
10−6mbar by a vacuum pump system. The 5.5 nm nominal
thickness of Ag–Au alloy NPswith various compositionswere
deposited on top of the polymer film by simultaneous thermal
evaporation from the two separated crucibles. The silver evap-
orator current was increased slowly in order to avoid thermal
shocks by raising the voltage 5 mV/s up to 6.4 Vand a current
of 2.2 Awith a deposition rate of 0.5 nm/min. The deposition
rate of gold was varied for the different compositions. For
10%Au samples, gold evaporator was heated up to 15.8 V
and 3.5 A with a deposition rate of 0.05 nm/min. For
30 % Au samples, the evaporator was heated up to 18 V
and 3.7 A with a deposition rate of 0.25 nm/min, while for
50 % Au samples the evaporator was heated up to 18.5 V,
3.8 A with a deposition rate of 0.5 nm/min. A STM−100/
MF quartz crystal microbalance system was used for
deposition rate and film thickness monitoring. A DEK-
TAK 8000 profilometer was used in the calibration of the
film thickness with a radius of diamond stylus as 12.5 μ
and a stylus tracking force factory, set to 50 mg).
Characterization
Transmission electron microscopy (TEM)
The morphology of the nanocomposites was examined using
a Tecnai F30G2 ST (FEI) transmission electron microscope
operating at 300 kV. Samples were prepared on carbon-coated
copper grids. The size distribution and average size of the NPs
were evaluated by Gatan Digital Micrograph software (by
measuring the diameter of each particle in a representative
image). Energy-filtered TEM and scanning TEM-HAADF
were used to carry out the TEM studies.
UV-visible spectroscopy (UV-vis)
The UV-visible absorption spectra of the prepared nano-
composites on quartz glass were recorded using a Perki-
nElmer Lambda 900 UV-vis/NIR spectrophotometer from
300 to 800 nm with 2 nm resolution. A 20 nm PTFE on
quartz sample was used as a reference sample, and all the
UV-vis plots are presented in this paper after linear back-
ground correction. Due to the small size of the NPs in our
model system, the scattering was neglected, and only ab-
sorption was considered.
X-ray photoelectron spectroscopy (XPS)
Films deposited on silicon wafers were used for XPS meas-
urements which were performed by XPS full lab setup from
Omicron Nanotechnology GmbH, in its ultra high vacuum
analytical chamber where the pressure is usually in 10−9
mbar range. The analytical chamber consists of sample
holder, X-ray source, a hemispherical electron analyzer
(VSW EA 125), a detection system which counts the num-
ber of photoelectrons, and a data acquisition and processing
system. An aluminum anode of the X-ray source (VG
Microtech XR3E2) was used here. XPS was used to deter-
mine elemental composition of alloy systems taking into
account that the information depth is approximately 21 (2–
3 nm) where λ is the elastic mean free path. More details
about using XPS for the study of metal/polymer covering
were discussed by Zaporojtchenko et al. [21].
In addition, selected samples were analyzed by XPS
with different excitation energies at the PM-4 beamline of
the synchrotron facility HZB-BESSY II using the SurICat
endstation. Measurements were done with an exit slit of
100 μm and with photon energies ranging from 500 to
1,500 eV. Spectra were taken in normal electron emission
using a hemispherical electron analyzer (Scienta SES 100)
operated at a pass energy of 50 eV. The spot size on the
sample is in the range of 0.5 mm×0.2 mm. All binding
energies and intensities were referenced to a pure gold foil
permanently mounted in the vacuum system below the
sample holder.
Inductively coupled plasma spectrometry mass (ICP-MS)
ICP-MS is a sensitive method to detect a wide range of
elements with a concentration down to nanograms per liter
(ppt; parts per trillion) and below. In this work, an Agilent
7500cs instrument was used with liquid sample introduction
by a PFA micro-nebulizer. Calibration was against aqueous
multi-element solutions using indium and rhenium for inter-
nal standardization. The procedure detection limit was
10 ng/l (ppt) Ag. All results are blank-subtracted averages
of three replicate measurements. Analytical quality control
was monitored by multiple analyses of procedural blanks,
unknown samples, and certified reference materials NIST
1643e, IAEA W4. The analytical error for the Ag measure-
ments was <1 % RSD (1 sigma). The actual values
for replicate measurements of two samples were 0.4 and
0.8 %RSD, respectively.
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Silver ion release measurements
The Ag ion release rate was studied by observing the changes
that occur as samples were immersed in air saturated 10 mL
deionized water (pH07, σ00.06 μS/cm at T013°C) in small
bottles made of high-density polyethylene at room tempera-
ture. More details about the pH control can be found in our
previous publication [15]. UV-vis and XPS measurements
were carried out on the samples during an immersion time
of seven days starting from 40min to check the variations, and
the water was checked by ICP-MS to detect the Ag ions
concentrations. Additionally, TEM measurements were done
after immersion of the coated TEM grids in water for 3 days.
Results and discussion
Au–Ag alloy NP systems
According to the nucleation and growth model of metal
atoms on polymeric surfaces shown in our previous work
[22], metal atoms initially adsorb on the polymeric surface
until they meet with other atoms on their diffusing paths,
and then random or preferred nucleation at defects starts.
Initially, the growth of metal nanoparticles on polymeric
surface starts by forming small nuclei at certain sites which
grow by the continued deposition of the metal via direct
impingement and surface diffusion. For alloy NPs, silver
and gold were evaporated simultaneously, and a complete
alloy formation is expected as gold and silver are in the
same group of periodic table and have similar atomic radius
and same structures that make them fully miscible in each
other in the solid solutions [23]. Figure 1a, b shows a bright
field (BF) TEM image for 5.5 nm of 70 % Ag–30 % Au
alloy NPs on PTFE and its corresponding particle size
distribution. A uniform distribution could be observed with
an average diameter of about 5 nm, except for some larger-
diameter particles having irregular shape contribute to coa-
lescence growth of the particles.
The 5.5-nm nominal thickness Ag and Au alloy nano-
particles have almost a similar size distribution and an
average diameter of about 5 nm as the pure AgNPs prepared
in the same way and same amount as was shown in the
previous work [15]. The position of the plasmon absorption
peak of these alloy NPs, however, depends linearly on the
composition of the alloy particles when expressed in terms
of the gold fraction as reported previously [2, 14, 24, 25].
The absorption spectra obtained by UV-vis for 5.5 nm pure
Ag and Ag–Au alloy NPs on PTFE with various composi-
tions are shown in Fig. 2. The alloying of Ag–Au NPs on
PTFE can be concluded from the resulted optical absorption
spectra which show a single plasmon resonance peak,
whereas two bands would be expected for the case of phase
separated NPs [26, 27]. Alloy formation of Ag–Au NPs
caused a plasmon maximum in the UV-vis spectrum between
the absorptionmaximumofAg and Au that varies with respect
to composition distribution. The plasmon peak position was
red-shifted due to the continuous change of the d-band energy
level that contributes to the interband transition term in the
dielectric function as a result of an increase in Au composition,
and a damping of the absorbance maxima is seen attributed to
the higher electron scattering by foreign atoms upon alloying
and the gold d-sp interband transition [24, 26, 28].
Silver ion release studies
The Ag ion release kinetics was studied by observing the
changes as samples were immersed in water for different time
intervals starting from 40 min up to 7 days. The concentration
of the released silver ions from each sample was measured by
ICP-MS where results showed a negligible Au ion concentra-
tion. Additionally, UV-vis and XPS measurements were
Fig. 2 UV-vis spectra for 5.5 nm nominal thickness of various com-
position of Ag–Au alloy NPs
Fig. 1 BF-TEM image (a) and the corresponding particle size distri-
bution (b) of 5.5 nm 70 % Ag–30 % Au alloy NPs on PTFE
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carried out for all samples after immersion into aqueous
medium. The cumulative concentrations of the released
Ag ions (micrograms per liter per square centimeter)
normalized to the silver fraction in the alloy nanocompo-
sites were measured at several time periods as shown in
Fig. 3. All silver ion concentrations are the mean values
of three ICP-MS measurements.
One notices that the release of the silver ions is not just
proportional to the amount of silver present in the nano-
particles. In that case, all four diagrams should look the
same. But one notes significant differences for short and
long release times. In all systems, there was a rapid release
of Ag ions at the beginning (determined after 40 min) due to
the first interaction of the nanoparticles with water and the
Ag dissolution from the surface. The fastest release of the
silver is here observed for the pure silver system and the
50 % alloy, while the relative release is smallest for the 70 %
alloy system. This can be explained with the entropy of
mixing which is most favorable for a 50 % alloy and
decreases from there for higher silver fractions [29]. Thus,
the initial silver release of the 50 % alloy is not slowed down
so much, and the initial release of the 70 % and 90 % alloy is
even below the 50 % alloy. But, after 1 day, the relative
silver release scales with the amount of silver present, and
the pure silver shows the largest silver release, whereas the
release is significantly reduced for the alloys. Here, the
slowing down of the silver release is directly correlated with
the gold fraction in the alloy. The more gold is present in the
alloy the more the release is slowed down. For the 90 %
alloy system, one observes still a big difference between the
release after 2 h and 1 day, whereas the change for the 50 %
alloy system has become already very small. To explain this
behavior, one has to consider the change in composition
caused by the silver release. For the nanoparticles with
initially 90 % silver fraction, the composition will move
towards 50 % with a still-higher silver than gold fraction.
Here, entropic contributions favor further silver release. The
situation is different for the 50 % alloy. Here, the entropic
contribution due to change in composition is not favorable
for further silver release, and thus, the silver release will be
slowed down.
Additionally, increasing the Au fraction inside the NPs
could lead to a significant change of the electron transfer
properties of the alloy NPs with the composition. This
interaction between Ag–Au causes depletion and reduces
the silver ion release. Thus, a rapid dissolution of Ag oc-
curred only at the first contact of the sample with water, and
when the composition of the alloy NPs becomes Au-rich, a
saturation state is approached. This could be an advantage
for potential applications where the Ag ion release is re-
quired to be rapid and effective at the beginning then a
slower dissolution rate, leading to a continuous release of
Ag ions for long-term application.
XPS analysis was also performed to examine changes
which occurred for the 70 % Ag–30 % Au alloy NPs on
PTFE film deposited on Si substrate after immersion in
water. Intensity of each element and area under the XPS
peaks give quantitative information about the elements with-
in the composite. The sensitivity factors of Ag and Au are
approximately the same [30], so the alloy composition can
be determined from the intensity of XPS signal which is the
area under the Ag and Au peaks.
Variations in Ag and Au peaks intensities were investi-
gated before and after immersion of samples for several
days in water. Ag and Au intensities were normalized with
respect to the carbon intensity in order to eliminate time-
dependent changes in the intensity of the XPS spectra, as
Fig. 4 Change in the XPS Ag and Au intensities for 5.5 nm 70 % Ag–
30 % Au alloy NPs on PTFE after immersion in water
Fig. 3 Cumulative concentration of silver ions released from Ag–Au
alloy systems at different immersion times in water and different Ag
fraction
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shown in Fig. 4. Before immersion in water, the ratio of Ag
to Au was a little higher than the expected value. This could
be caused by a slightly higher deposition rate of the silver
during the co-evaporation of the alloy NPs. Note that, prior to
co-evaporation, the deposition rates were calibrated indepen-
dently, and no cross-influence of the evaporators was taken
into account. In addition, the deviation from the expected
value could be due to systematic errors in the determination
of the peak areas, in particular, for the weaker gold lines.
Due to dissolution of silver after immersion of samples in
water, the Ag/C and Ag/Au intensity ratios decrease rapidly
at the beginning, and after the first day, the decrease in the
ratios becomes slower with time indicating the approach of a
saturation state. One could speculate that this saturation
states occurs because silver ions are released only from the
outer layers of the nanoparticles and that a gold shell is
formed subsequently by the gold that is left behind.
In order to check this possibility, energy-dependent XPS
spectra were measured on one set of the 5.5 nm layer of the
70 % Ag–30 % Au alloy nanoparticles on sputtered PTFE.
One sample was measured as prepared and the other one
after 3 days of immersion in water. By varying the photon
energy, the probing depth is varied (see Table 1). The
spectra were analyzed by normalizing the Au 4f lines (at
84.0 and 87.6 eV) to the same intensity for all spectra, and
then the decrease of the signal of the Ag 3d lines (at 368.3
and 374.2 eV) due to immersion in water was determined
for the different photon energies, i.e., for different probing
depths (see Table 1).
The data show no significant variation of the silver de-
pletion with XPS probing depth, indicating that the silver
distribution within the nanoparticles remains essentially un-
changed, i.e., it remains alloy-like. Therefore, the formation
of a gold shell can be ruled out, and the observed slowing
down of the silver release of the gold containing alloys must
be due to a shift of the chemical potential with increasing
gold fraction as has been suggested above and in different
words also by Besner et al. [14].
At first glance, this result could appear somewhat sur-
prising since for bulk Ag–Au alloy systems the dissolution
of silver leads to formation of porous gold structures and for
larger nanoparticles by a galvanic exchange reaction indeed
hollow nanoparticles with a gold shell can be produced [32].
But as suggested by Shibata et al. [33], the situation is
different for smaller nanoparticles, in particular, if they have
defects. Here, the vacancies created in the alloy nanopar-
ticles by the released silver atoms should allow a fast redis-
tribution of the silver in a range of several nanometers, thus
leading to an always almost homogeneous spatial distribu-
tion of the silver in the small nanoparticles.
TEM measurements were also done after 3 days of im-
mersion of the sample deposited on the TEM grid in water.
Figure 5a, b shows changes in the morphology and in the
surface amount of the 5.5 nm alloy NPs of 70 % Ag–30 %
Au before and after immersion in water. The nanoparticles
density looks smaller after 3 days in water, and the interpar-
ticle distance increases as a result of the reduction of the Ag
Fig. 5 5.5 nm 70 % Ag–30 % Au alloy NPs on PTFE BF-TEM image
before immersion in water (a) and after 3 days in water (b)
Fig. 6 Particle size distribution of the 5.5 nm 70 % Ag–30 % Au alloy
NPs on PTFE before and after immersion the TEM grid in water for
3 days











Decrease of Ag 3d
signal after 3 days
immersion in
water (%)
500 130 0.43 (0.86) 55.3±3
650 280 0.61 (1.21) 58.3±3
900 530 0.89 (1.78) 53.5±3
1,200 830 1.21 (2.41) 52.8±3
1,500 1,130 1.50 (3.00) 53.2±3
a calculated from the data provided by Tanuma et al. assuming a 70 %
Ag and 30 % Au composition [31]
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fraction due to Ag ion release which is more favorable from
the smaller particles. Additionally, other NPs may undergo
Ostwald ripening process, i.e., growth of large particles by
dissolution of small particles driven by the particle size
dependence of its standard electrode potential, in a way
similar to what we observed before for pure AgNPs [15,
16]. Moreover, no Au shell formation was observed here
either. The change in the particle size distribution is shown
in Fig. 6, where the number of particles was normalized to
the total number of particles for each case.
Further investigations were performed using the UV-vis
technique by observing the changes in the absorbance spec-
tra of 5.5 nm alloy nanocomposite with various composi-
tions as a function of the immersion time in water; see
Fig. 7. After immersion in water, SPR peak positions and
absorbance maxima values were changed due to the oxida-
tion and the release of silver ions into aqueous media. The
shape of the absorbance peaks for each time period
differs from each other too. One expects a red shift
towards the typical gold plasmon absorption band due
to the increase of the Au fraction in the nanoalloy [2,
25]. In contrast, a dominant shift to smaller wavelength
occurred due to changes in the morphology, size distri-
bution, and the interparticle distance. These changes are
similar to the changes that occurred in the pure AgNPs
system shown in our previous work [15]. However, the
rate of the change in the SPR peak absorbance maxima
values and its position after immersion of the samples
in water is slower than that for the pure silver due to
the increase of the Au fraction on the expense of Ag in
the alloy, in accordance with the results from the ICP-
MS and XPS measurements.
Conclusions
Model systems consisting of two-dimensional ensembles of
5.5 nm nominal thickness of Ag–Au alloy NPs on a 20 nm
highly cross-linked sputtered PTFE substrate were prepared
using PVD techniques to investigate the effect of gold
alloying on the silver ion release upon immersion in water.
Alloying of Au increases the oxidation resistance of the
nanoparticles and results in a reduced absolute release rate.
We noticed that the release of the silver ions is proportional
to the amount of silver present in the alloy nanoparticles
with significant differences for short and long release times.
In all systems, a rapid dissolution of Ag occurred only at the
first contact of the sample with water, and later on, a satu-
ration state is approached which is also affected by
concentration-dependent entropic contributions. XPS and
energy-dependent XPS spectra analysis were also performed
to examine changes which occurred for the 70 % Ag–30 %
Au alloy NPs system before and after immersion of samples
in water, and results showed that Ag depletion does not lead
to a concentration gradient but rather to a homogeneous
drop in Ag concentration in the small NPs of about 5 nm
average size investigated. TEM measurements for the same
Fig. 7 UV-vis spectra for 5.5 nm of a 90 % Ag–10 % Au; b 70 % Ag–
30 % Au; and c 50 % Ag–50 % Au alloy NPs on PTFE at different
immersion times in water
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alloy system showed changes in the morphology and in the
surface amount of the alloy NPs, and no Au shell formation
was observed here either. The results suggest that Au alloy-
ing can be made instrumental to tailor silver ion release in
silver-based nanocomposites.
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